NAVAL RESEARCH LAB WASHINGTON DC ' F/6 20/9
THEORY OF SECOND HARMONIC ELECTRON CYCLOTRON RESONANCE HEATING ==ETC(U) .

OCT 79 B HUI » E OTT » K R CHU » T ANTONSEN

UNCLASSIFIED NRL=MR=4101

SBIE=-AD-E000 336

oy




TE———

MAOT7538

-

-

G @ Ab!ooo 332¢

NRL Memorandum Report 4101

Theory of Second Harmonic Electron Cyclotron
Resonancg Heating of Tokamak Plasma )

BertraM Hui, EDwarD Ot1T AND K. R. CHU

Plasma Physics Division

THOMAS ANTONSEN

Massachusetts Institute of Technology
Cambridge, MA. 02139

October 26, 1979

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.

4
e e
a2

jaic med A ¥ oot

49 A8 11 983

sy L aaiiag oy




4 e s i 4 e e

SECURITY CLASSIFICATION OF THIS PAGE (When Data Enfered)

REPORT DOCUMENTATION PAGE aar R S r S IONE
) REPORT NUMBER 2. GOVT ACCESSION NO. 3. CIPIENT'S CATALOG NUMBER

NRL ‘Memorandum Report 4101

4. TITLE (end Subtitle) & PERIOD COVERED

JHEORY OF SECOND HARMONIC ,ELBCT RON

NEL TTODICIN

%YCLOTRON RESONAﬁCE HBATIN& OF TOKAMAK
LASMA SpEeiecs e

Bertram|Hui, Edward\Ot K. R.‘Chu and

Thoma Antonsen['

[ 6 PERFORMING ORG. REPORT NUMBER

8. CONTRACT OR GRANT NUMBER(s)

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMEN T IOJ!C:. TASK

AREA & WORK UNIT NUMBER
Naval Research Laboratory

Washington, D.C. 20375 NRL Problem ﬁ(ﬂoz-n
D
1. CONTROLLING OFFICE NAME AND ADDRESS .
I c
U.S. Department of Energy u(é“ OctalueRi®, 1979 /
Washington, D.C. 20545 g 15
14, ?O‘NL'I;ORMHG‘”A‘S_EN/X NAME & ADDRESS(i! dilterent Irom Controlling Office) 1S. SECURITY CLASS. (of thie report)
§S 5.4. { UNCLASSIFIED
o S J - -——-"""/

15a. DECL ASSIFICATION/DOWNGRADING
EDULE

)-£000 536 / =
a’l'?~%?2__7é_,_<'

‘[\

Approved for public release; distribution unlimited. R e e
TR ~ S R
(14 JIRL-pF Y
17. DISTRIBUTION STATEMENT (of the abatract entered In Block 20, uwmﬁ RS [p—

18. SUPPLEMENTARY NOTES

*Also at University of Maryland, College Park, MD.
**Massachusetts Institute of Technology, Cambridge, MA. 02139

19. KEY WORDS (Continue on reverse side If ry and | ity by block ber)

R. F. Heating
Cyclotron resonance

Tokamaks
IOY”’IACY (Continue on reverse side If y and identify by block ber)
A theoretical and numerical study of tokamak plasma heating by the second harmonic of the elec-

tron cyclotron resonance is presented. It is found that the extraordinary mode is very efficiently ab-
sorbed. In contrast to previous calculations, it is also found that the ordinary mode is well absorbed
at oblique incidence to the toroidal magnetic field. This finding indicates the feasibility of heating
devices of higher densities than would otherwise be possible.

X

DD 5" 1473  eoimion oF 1 Nov €8 1s oBsOLETE
S/N 0102-014+ 6601

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

/:’) [ o9 8

e




CONTENTS

L INTRODUCTION N 1
IL p b LR SRS ORI R eSO ORI 3
IIL NUMERICAL CALCULATION OF LINEAR ABSORPTION............cccoocurrurnnen. S

Iv. CALCULATION OF THE ORDINARY WAVE TRANSMISSION

(2 g TR T R N oI e Lo ERRS B S SR 6
V. CONCLUSION AND DISCUSSION ........cccocovevinimmnrereennnisneeesassssssesessssssssssssesenes 8
ACENOWEEDRIMIBINTS. .../ itstnimaiimmninssamismeiisaisdsisinsisivissionsissssssioresyassoses 9
REFERE NGRS R i s s i s F b b ssionss nesas et Covens o Gosivnss 10
¢ o W
euvesslon For
EEN ‘_:‘_:,_,,,,..—.——-M ~
TNTLS  GRAKL ah 1
DG TP ld .
Uashmount =4
Justifieabief . —=

i




N —

!
t
©
8
:
i

THEORY OF SECOND HARMONIC ELECTRON CYCLOTRON
RESONANCE HEATING OF TOKAMAK PLASMA

I. INTRODUCTION

It has been shown that electron cyclotron resonance heating at the fundamental harmonic
could be very promising for heating plasma to ignition for future tokamak reactors.'™ In this
paper, we shall examine the characteristics of electron cyclotron resonance heating at w = 2
. (0) using a fully relativistic ray tracing code in toroidal geometry. Here w is the wave fre-
quency and w.(0) is the electron cyclotron frequency at the center of the plasma. If the
plasma is in thermal equilibrium, the results presented here could also be applied to the study

of plasma emission at w = 2w, (0) by invoking Kirkoff’s Law.

The motivation for considering second harmonic heating is that the accessibility condi-
tions allow the heating of higher density tokamaks with the second harmonic. For example, for
wave vector angles not too far from normal incidence to the magnetic field, the accessibility
conditions at w = w,(0) are @%(0) 5 w2 (0) for the ordinary mode (w,. denotes the electron
plasma frequency), and 2w2(0) 5 «2(0) for the extraordinary mode launched from the high
magnetic field side of the tokamak (waves launched from the low magnetic field side are inac-
cessible). On the other hand, for heating at @ = 2w, (0), the above accessibility conditions (for
near normal incidence) become 4w2(0) > w2 (0) for the ordinary wave and 20%(0) > w2(0)
for the extraordinary wave (see Sec. II). Note that in the extraordinary wave case the largest
allowable density is the same for v = w,(0) and & = 2w, (0), but that the latter case has the
advantage that waves can be launched from either the high or the low field sides of the
tokamak plasma column. More significantly, for the ordinary wave at w = 2w, (0) the largest
allowable desnity is four times that for the ordinary wave at w = w.(0) and twice that for
extraordinary waves. To put this situation in perspective we can express the plasma 8(0) in the

center of the plasma in terms of w2 (0)/w? (0)

Manuscript submitted August 31, 1979.
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B(0) = (8%) (T/10KeV) [w2(0)/w2(0)],
where T is the plasma temperature (assumed equal for electrons and ions). For example, at

T = 10KeV, the maximum allowable B(0) is 8%, 16%, and 32% for the ordinary wave at ) i
@ = w,(0), the extraordinary wave, and the ordinary wave at = 2w, (0), respectively. [Note
that the plasma B averaged over the tokamak cross-section would typically be 8(0)/3). The
possibility of heating high density (i.e. high B8) tokamaks evidently depends on whether the | 4
ordinary wave at @ = 2w, (0) can be effective absorbed in the plasma interior. A major result ‘

of the present study is that this is indeed found to be the case (Secs. III and IV). This result is

based on the consideration of oblique angles of incidence to the magnetic field and contrasts

with previous results obtained for normal incidence.??
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II. ACCESSIBILITY

For simplicity, in this section we consider a straight plasma cylinder with density
N(r) (dN/dr < 0 and N(a) = 0), and magnetic field B = B(r,0) z,. To simulate the toroidal
vacuum field dgpendenee» on the major radius we take B =28, (1 ~-x/R,)”" where
x = — r cos@ and R, is t'he major radius of the torus. Furthermore, We assume incident waves
launched at @ = 0 or 6 = = Svith no 0 componer;t of the incident wavenuxﬁb&r (ke & 0). Since
B has no 6 component, k, remains zero as the wave propagates inward. (Note that these

simplifications are not made in our ray tracing calculations to be presented in Sec. III.)

To find the accessibility condition at @ = 2w, (0), we préceed as in Ref. 1 and examine

the cold plasma dispersion relation. We obtain thfee possible reflection points,

.’"l-l (1)
X;=(1-8H)@G+Y) )
X=(1-8)0-1 3)

X, is an ordinary wave reflection point, X; is an extraordinary wave reflection point, and X, is
an ordinary [extraordinary] wave reflection point for $2 > Y(Y +2)~! [for S2 < Y (Y + 2)71).
Resonance for the extraordinary mode occurs at

Xr =1- Y2 4)
and mode conversion between the ordinary and extraordinary modes occurs at

rmiep L)
1 452

where X = wl/w?, ¥ = w./w, S =sin® = ck|/w, © is the angle of incidence (for normal

incidence S = 0) and k|| denote the component of k parallel to B.

In order for the wave to be accessible to the center of the plasma, there must be no
reflection, resonance, or mode conversion points between the plasma edge and the center of the
plasma (where maximum absorption occurs). By examination of the expressions for X;, X,

X3, X,, and X, we find that this can be achieved for Y(0) = 1/2 if

X0 Z(1-5Y)/,

R e T A s e A Rs ) b TR Fe e e = g g TR Y IR
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for the extraordinary mode, and if

1 fors2 2 1/3
3/2(1 — 87 for $? 5 1/3 V)]

for the ordinary mode. These accessibility conditions are displayed graphically in Figs. 1 and 2.

X(0) 2[

Note that, in contrast to heating at the fundamental harmonic, the extraordinary mode is acces-

sible from both the high field and low field sides.

For the extraordinary mode, the highest density accessible is w2 (0) < 2 w2 (0), which is
no improvement over heating at o = w,(0). For the ordinary mode, the density limit is

w2(0) T 4 w2(0), which is probably sufficient for any future tokamak.




T

T vy e e

NRL MEMORANDUM REPORT 4101

III. NUMERICAL CALCULATION OF LINEAR ABSORPTION

To find out how efficient the heating at the second harmonic is, we use a relativistic ray
tracing code previously developed and described in Ref. 1 to study the linear absorption of a
single pass of both the ordinary and the extraordinary modes in toroidal gecometry. The density

and temperature profiles are assumed to be parabolic.

Two types of tokamaks are studied: (A) "reactor size", an examples is the UWMAK III
(minor radius = 270 cm., major radius = 810 cm); and (B) "present-day size”, an example is
the Princeton Large Torus (minor radius = 40 cm., major radius = 132 cm.). The results of

the calculations are summarized in Table I and II.

We see that the extraordinary mode is always efficiently absorbed for the range of angiles
considered, i.e., close to perpendicular incidence. This high absorption agrees with previous

theoretical predictions.? 3

More importantly, our results show that the second harmonic ordinary mode is also quite
efficiently absorbed (especially for "reactor-size tokamaks") at oblique incidence (an estimate of
the ordinary mode absorption for slab geometry at oblique incidence is presented in the next
section). Even at exactly normal incidence, the second harmonic ordinary mode absorption is
larger than previous predicted?- (ptobably due to a combination of ray wandering and relativis-

tic effects which are not included in the analyses of Refs. 2,3).
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IV. CALCULATION OF THE ORDINARY WAVE TRANSMISSION COEFFICIENT

The absorption of wave energy at the second harmonic occurs mainly as a result of the
coupling of the electron gyromotion with the circular component of the wave field that rotates
in the electron direction. For this reason the damping of a perpendicularly propagating ordinary
wave, for which the perpendicular electric field is zero, is much smaller than that of the
extraordinary mode. However, if the ordinary wave is propagating at some finite angle with
respect to the perpendicular, it acquires a perpendicular component of the electric field; and

therefore, it becomes more highly damped.

To calculate this damping we evaluate the transmission coefficient for propagation through
an w = 2w, resonant layer,

T =exp (— 27m)
where mn = f_“ dx k;(x) is the optical depth,

9
0k,

is the imaginary part of the local wave vector?, E, and k, are the wave electric field and wave

ki(x) =Im(E;} . D(k,,x) -E,) (E} - D (k) - E) (8)
vector as determined from the cold plasma dielectric tensor D,, and D,(k,, x) is the imaginary
part of the correction to D, resulting from the finite Larmor radius effect at the second har-

monic.

To determine k;(x) we assume k-B << [k||B| so that the perpendicular component of

the electric field is small compared with the parallel component. We then find?

L

ce e™ce

2 kZT -1
E:.Dl ‘E, = .L‘E_‘I_‘?% ———— l +i0
4 w
and,

E 50 D, - B, = $1EF| kcl/k
0

where E| is the parallel component of the wave electric field, £_ is the relevant circularly

polarized component of the perpendicular electric field, and L is the scale length of the mag-

A R AP B v b2/ e

Rt s 2irotat o2
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inhomogeneity, L™' = |VB/B|. The quantity E_ can be calculated in terms of E, from the

cold plasma dielectric tensor®

kik2et | K 2c2 Kk2c? -1
|E_JE)|* = %Lw:* [“‘2’2_ - K| |K.K, - %—_2' (K, +K)| |,
w

where K, = 1 — 02/(6w2), K, =1 - 0k/Qwl),

and k2c*/w? =1 — wk/(4wl). Clearly as k, — 0, E_ — 0. Upon performing the integration

of k;(x) over x we find,

2
wp T,

)= 2 Lko|E—|2/|En|2- C))

203, m.c
which applies for k/k, < 1. In general we must add to Eq. (9) the small contribution that oc-
curs for exactly perpendicular propagation?. However, the contribution given in Eq. (9) will be

larger than this term by a factor of order (k,/k,)2 [T,/m,c?~\.

A slab model numerical code was used to test Eq. (9). The analytical and numerical
results were found to be in excellent agreement (< 2% discrepancy) with © < 20°, i.e. when
ky << k,. One notes from Eq. (9), however, that n(xk?) is a very sensitive function of the
angle ©. In a tokamak because of the complicated geometrical factors, this angle varies consid-
erably from point to point in the path of the wave. Consequently, while Eq. (9) serves to
demonstrate the possibility of strong ordinary wave absorption at the second cyclotron har-

monic, it has limited applicability to systems where k, is not conserved. This indicates the

necessity of utilizing the ray tracing code as we have reported in the previous section.

s sl e i

b It i i (S
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V. CONCLUSION AND DISCUSSION

Generally speaking, if the plasma temperature is above 1 keV, both the ordinary and the
extraordinary modes can be efficiently absorbed at either the first or the second cyclotron har-

monic. For T, > lkeV, the determining factor in regard to the choice of mode is the ratio of

@, (0) to w,(0). Table Il summarizes the possible methods of heating in various regimes of

@,(0) /@, (0). In the regime w,(0) < w.(0), ordinary mode heating at the first cyclotron
harmonic frequency is the most desirable because it allows wave injection from the low field
side. In the regime w,(0) < w,(0) < V2w, (0), ordinary mode can no longer be employed
and there is a trade-off between the extraordinary mode at the first harmonic and the extraordi-
nary or ordinary mode at the second harmonic. Either choice has a disadvantage, namely, the
former mode has to be launched from the high field side while the latter modes require a
higher wave frequency. In the regime V2w, (0) < w,(0) < 2w, (0), the only choice is the
ordinary mode at the second harmonic. From the above consideration, it is clear that electron
cyclotron resonance heating at the second harmonic frequency is a viable and possibly the only
alternative for reactor size tokamaks which generally have ®,(0) > w,(0). The main
difficulty involved in second cyclotron harmonic heating is the development of a high frequency
wave source. In the case of UWMAK III, the required wave frequency is 225 GHz. In view of
recent progress made in the gyrotron research, however, this does not appear to be an insur-
mountable problem. For example, a 100 GHz, 1 MW gyrotron with 30% efficiency has already
been reported’ and an experiment aimed at 240 GHz, 20 kW, and 25% efficiency is currently
under way at the Naval Research Laboratory. Thus, there is a reasonable prospect for obtaining

the required wave source in the next generation of gyrotrons.

Relatively large emission of the second harmonic ordinary and extraordinary mode have
been observed.®® The emission level of the second harmonic ordinary mode is much larger

than would be predicted on the basis of previous theoretical results, which only consider normal

incidence and neglect relativistic effects. On the other hand, our results are consistent with
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experimental observations.
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Fig. 1 — Maximum accessible value of u},/ w}, in the center of the plasma versus 52 for the ordinary mode.
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INACCESSIBLE
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52

Fig. 2 — Maximum accessible value of 0,2,/ af, in the center of the

plasma versus 52 for the extraordinary mode.
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Table I — Transmission Characteristics of "Reactor-
size" tokamak. The magnetic field and electron tem-
perature in the center are B, = 4.057. and T, = 2keV.
N, denotes the density in the center of the device.

Mode | © | wpe®/we(® | 22% | Ny(em™)
02 0° 1.9 0.91 5.77 x 1017
02 10° 1.9 0.28 5.77 x 10"
02 20° 1.9 0.07 5.77 x 101
02 0° 1.3 0.53 2.7 x 10"
02 10° 1.3 0.0 2.7 x 10"
02 20° 1.3 0.0 2.7 x 10"
X2 10° 1.3 0.0 2.7 x 10™
X2 20° 1.3 0.0 2.7 x 10™

Table III — Methods for electron cyclotron resonance heating in

Table II — Transmission Characteristics

of

"Present-day

©,e(0)/w,(0) = 0.71,
B,=32T,and N, =5 x 103cm 3.

size"

tokamak.

T, = 2keV,

Mode e g ;:;-'
02 10° 0.68
02 20° 0.60
X2 52 0.0
X2 30° 0.0

various plasma density regimes

: x Low Field Side | High Field Side Optimum
Regime Mode/Harmonic Injection Injection Incident Angle
0
e (0) <1 01 yes yes perpendicular
w(0)
X1 no yes oblique
02 yes yes oblique
X2 yes yes perpendicular
X1 no yes oblique
@, (0) s
1< <2 02 yes yes oblique
w(0)
X2 yes yes perpendicular
0
V2 < L1 <2 02 yes yes oblique
w(0)
13
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